Current generated spin polarization in topological insulator (TI) surface states due to spinmomentum locking has been detected recently using ferromagnet/tunnel barrier contacts, where the projection of the TI spin onto the magnetization of the ferromagnet is measured as a voltage.
spin-dependent electrochemical potential for the spin-up and spin-down electrons in the TI channel, and do not take into account key experimental parameters such as the interface resistance.
Here we present a Mott two-spin current resistor model that takes into account such parameters. The model is based upon two parallel channels for spin-up and spin-down electrons, and importantly includes contact and interface resistances at the current injecting contacts. We show that the inclusion of interface resistances can causes a crossing of the voltage potential profiles of the spin-up and spin-down electrons along the channel, which can lead to measured spin voltages of either sign. These results demonstrate that the interpretation of electrical measurement of current-generated spin in TI surface states is more complex than previously considered, and that spin dependent resistances in both the channel and interfaces must be considered to correctly interpret the sign of the spin voltage measured.
The electrical detection of current-generated spin detected by a ferromagnetic detector is typically modeled as a simple 3-terminal measurement geometry similar to that of Hong et al. 16 ( Fig. 1a) . Here the left contact is defined as the positive terminal, and the right as negative or the profiles throughout the TI channel, which converge discontinuously (shown by a vertical line for one or both of the spin channels) at the current terminals. We found that this simple picture does not correctly represent the real experimental conditions, as critical parameters such as interface resistances are not taken into account.
Specifically, the interface resistances at the current injecting contacts are not necessarily symmetric due to their nonlinear nature. This is a result of a blanket layer of tunnel barrier material such as Al2O3 that are often deposited on the TI as the first step (for capping purposes and/or to simplify fabrication processes). It is therefore not only present at the feromagnet/tunnel barrier spin detection contacts, but also at the interfaces of the current injecting contacts 6, 7, [9] [10] [11] [12] [13] [14] [15] . Fig. 1b shows a typical I-V curve taken at 8 K between two Au/Al2O3/Bi2Se3 contacts of different sizes, showing the nonlinear nature of these contacts. Fig. 1c is a schematic of a resistor circuit model for both spin-up and spin-down electrons traveling in two independent channels from the right to the left electrode. Each component of the circuit, including the contacts and interfaces, is modeled as a resistor. We have used a similar approach to model the spin filtering effects in graphene/ferromagnet magnetic tunnel For electrons traveling from the right Au electrode, the resistance of the Au electrode is low for both spin-up (+y) and spin-down (-y) electrons. However, the interface resistance for spinup and spin-down electrons entering into the TI channel may be different depending on their alignment with the states in the TI. An left-flowing electron current in the TI surface states creates a spontaneous spin-up orientation (+y) due to spin-momentum locking. Hence for spin-up electrons entering into the TI channel, this interface resistance will be lower since they align with the those in the TI surface states. The opposite is true for spin-own electrons (-y) -the interface resistance will be higher due to their antiparallel alignment. Within the TI channel, the resistance for the spin-up electrons will be significantly lower due to the available spin-up states arising from the left-flowing electron current, and higher for the spin-down electrons. Finally, as these electrons enter into the left Au electrode, the interface resistance will be similar for both spins since there are equal number of spin-up and spin-down states in the Au, i.e., the interface resistance here will not necessarily be spin-dependent. Similarly, the resistance of the left Au electrode for both spins will be the same and small.
Shown in
Given that the overall voltage drop for both the spin-up and down channels must be the same across the left and right Au electrodes, and that the spin-up channel is clearly a lower resistance channel, the current flowing through the spin-up channel (I↑) will be greater than that for the spin down channel (I↓), or I↑>I↓.
In the simplest case, we take into account the interface resistances, but not their spin dependencies, i.e., the interface resistance is the same for both spin-up and down channels, or Conversely, the detector with -M magnetization probes the spin-up levels (V↑).
For the voltage profiles shown in Fig. 3a , with the right electrode as the reference, the spin- 3c and d, respectively, due to the reversed current direction, consistent with that expected from current induced spin polarization, and experimental observations [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] .
As noted above, the interface resistances at the left TI/Al2O3/Au and right Au/Al2O3/TI interfaces are not symmetric, because the interface resistance is spin dependent when entering the TI channel, and spin-independent when entering the Au electrode. Even though the TI is a semiconductor that supports metallic surface states, the metal/TI current injecting contacts are typically non-ohmic and/or rectifying, due to TI surface oxidation (metal contact deposition typically not in situ with TI growth), and/or the inclusion of a tunnel barrier such as Al2O3 at the interface 6, 7, [9] [10] [11] [12] [13] [14] [15] . This is evident from the I-V curve in Fig. 1b showing rectifying behavior. This results in a junction where the magnitudes of these two interface resistances can vary depending on the current direction, i.e., higher resistance entering into the TI channel, and lower resistance entering into the Au electrode. This is depicted by the larger voltage drop at the higher resistance interface (entering the TI channel) in Figs. 3a,b and 4a,b. This asymmetry leads to a larger splitting between the spin-up and spin-down voltage levels at the higher resistance interface, and therefore pushing the crossing towards the opposing end of the TI channel (Figs. 3b&4b) . Hence, the spin signal probed at points along the TI channel may indeed be of the same sign, although a narrow detector contact placed very close to the opposite end of the TI channel (entirely on the opposing side of the crossing) would detect an opposite sign.
In summary, we have developed a more realistic model to derive the sign of the currentinduced spin voltages in TIs measured by a ferromagnetic detector contact that takes into account crucial experimental parameters such as interface resistances. In this Mott two-spin current resistor model, two parallel channels for spin-up and spin-down electrons are modelled separately, and we find that spin-dependent interface resistance at the current injecting contact plays an important role. Depending on the relative magnitudes of the currents through the spin-up and spindown channels compared to that of the spin-dependent interface resistances, a crossing of the voltage profiles of the spin-up and spin-down electrons may occur, which can lead to measured spin voltages of either sign. These results reconcile conflicting reports in the literature, and further highlight the intricate nature of the seemingly straightforward electrical measurement of current generated spin in TI surface states, where real experimental parameters such as spin dependent resistances in both the channel and at current injecting interfaces must be considered to accurately account for the sign of spin voltage measured. 
